The use of carbon tetrachloride (CCl 4 ) in rats is an experimental model of hepatic tissue damage; which leads to fibrosis, and at the long term, cirrhosis. Cirrhosis is the consequence of progressive continued liver damage, it may be reversible when the damaging noxae have been withdrawn. The aim of this study is to evaluate the changes caused by cirrhosis in lung and liver, through the experimental model of intraperitoneal CCI 4 administration. We used 18 male Wistar rats divided into three groups: control (CO) and two groups divided by the time of cirrhosis induction by CCI 4 : G1 (11 weeks), G2 (16 weeks). We found significant increase of transaminase levels and lipid peroxidation (TBARS) in liver and lung tissue and also increased antioxidant enzymes SOD and CAT, as well as the expression of TNF-α and IL-1β in the lung of cirrhotic animals. We observed changes in gas exchange in both cirrhotic groups. We can conclude that our model reproduces a model of liver cirrhosis, which causes alterations in the pulmonary system that leads to changes in gas exchange and size of pulmonary vessels.
Introduction
Cirrhosis is considered to be the most advanced stage of fibrosis and is associated with the appearance of the septa and fibrotic nodules, changes in hepatic blood flow, and a risk of liver failure [1] . Cirrhosis occurs as result of the response to liver injury following multiple inflammatory, toxic, metabolic, or congestive damages. Although the pathophysiology and histopathology of cirrhosis vary independently on the etiologic agent, the final histological pattern is similar and is characterized by diffuse fibrosis and a distortion of the normal architecture in structural liver nodules. Cirrhosis as a consequence of structural distortion may trigger changes in the function of hepatocytes and portal hypertension. These two changes produce, in its evolution, all of the clinical manifestations of cirrhosis, which is expressed not only in the liver but in the whole organism [2, 3] . Portal hypertension, through hemodynamic alterations, changes in blood volume distribution, and the release of vasoactive substances, may cause cardiopulmonary manifestations known as hepatopulmonary syndrome (HPS), portopulmonary hypertension (PPH), and cirrhotic cardiomyopathy.
An association between liver disease and pulmonary disorders is common in patients with chronic liver disease. In the last 15 years, specific pulmonary vascular changes associated with liver disease and/or portal hypertension have been subjected to further investigation [1] .
The respiratory tract is a major target of oxidative damage caused by both endogenous and exogenous processes [4, 5] . The reactive species produced by phagocytes are the major cause of tissue damage associated with chronic inflammatory lung disease. The involvement of oxidative stress in 2 Oxidative Medicine and Cellular Longevity lung injury leads to increased levels of markers of lung injury and proinflammatory cytokines (i.e., IL-1β, IL-6, and TNF-α) [6] . The development of cirrhosis is often associated with oxidative stress [7] .
Studies analyzing the acute effect of CCl 4 on liver have also found an early production of TNFα after liver injury could induce an increased ICAM-1 expression and a decreased PECAM-1 expression, which might be essential for the transmigration of inflammatory cells into the parenchyma [8] .
Carbon tetrachloride (CCl 4 ), a potent hepatotoxin, is capable of reproducing hepatic cirrhosis via the generation of free radicals and reactive species from the resulting metabolic changes via the enzymatic complex cytochrome P-450 [9] . For many years, it has been accepted that free radicals generated from CCl 4 , as trichloromethyl (CCl 3 ) and trichloromethyl peroxyl (
• OOCCl 3 ), affect the hepatocyte, causing morphological changes involving the endoplasmic reticulum, Golgi apparatus, plasma membrane, and mitochondria of the affected cells [9] .
The objective of this study was to investigate the liver and lung in an experimental model of liver cirrhosis caused by carbon tetrachloride with two different durations of administration.
Materials and Methods

Animal Model.
We used 18 male Wistar rats weighing between 200 and 250 grams obtained from FEPPS (State Foundation for Health Research and Production). The animals were randomly divided into three groups: a control (CO) and two experimental groups. The experimental groups were divided according to the time of the administration of CCl 4 ; in group 1 (G1) the administration of CCl 4 lasted for 11 weeks, whereas in group 2 (G2), the duration was 16 weeks. During the experiment, the animals were kept housed in the Unit of Experimental Animal Research Center of the Hospital de Clinicas de Porto Alegre using a twelvehour light/dark cycle (light from 7 to 19 hours) and 22±2
• C. The access to feed was controlled, and phenobarbital was added to the drinking water of the animals (0.3 g/L) to serve as an enzyme inducer to potentiate the effect of CCl 4 [10] . The control group (CO) received a 0.5 mL intraperitoneal (ip) injection of mineral oil, whereas the experimental group received (0.5 mL/kg ip) CCl 4 diluted in mineral oil at a ratio of 1 : 6; applications were made following the protocol: 10 applications of 5 in 5 days, 10 applications of 4 in 4 days, and 7 applications of 3 in 3 days; the animals were sacrificed 2 days after the last dose of CCl 4 [11] .
All procedures of the study were performed according to the parameters established by the Ethics and Research of Hospital de Clinicas de Porto Alegre and the animal care followed the recommendations by of the "Principles of Laboratory Animal Care" guidelines of the National Society for Medical Research as well as the "Guide for the Care and Use of Laboratory animals" published by the National Institutes of Health [12] . To induce death, the animals were anesthetized with xylazine (50 mg/kg body weight) and ketamine (100 mg/kg body weight body), both of which were intraperitoneally administered. On the day of death, blood samples for the liver function tests were collected via the retroorbital plexus [13] .
After, the abdominal region was shaved, a midline laparotomy was performed to collect blood from the abdominal aorta for arterial blood gas analysis.
Serum Biochemical
Analysis. Blood samples taken from the retroorbital plexus were used to assess the levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase (AP) expressed in IU/L. These levels were measured according to routine laboratory techniques used at the Hospital de Clinicas de Porto Alegre (HCPA).
Organ Weight Ratios (Organ Weight/Body Weight × 100).
The organs were weighed, and the weight of the liver was used to determine the hepatosomatic ratio. The lung weight was used to determine the pneumosomatic ratio.
Histological Analysis
For histological examination, a piece of the liver and lung from all animals was trimmed and fixed by immersion in 10% buffered formalin for 24 hours. The blocks were dehydrated in a graded series of ethanol and embedded in paraffin wax. Serial 3 mm sections were stained with hematoxylin and eosin. Five sections from each sample were analyzed by two independent pathologists who had no prior knowledge of the animal groups.
Sample Preparation and the Analysis of Oxidative Stress.
Lung and liver homogenates were prepared by adding 9 mL of phosphate buffer (140 mM KCL, 20 mM phosphate, pH 7.4) per gram of tissue. The tissue homogenate was centrifuged in a refrigerated centrifuge (SORVALL RC-5B Refrigerated Superspeed Centrifuge) for 10 min at 3000 rpm (1110 ×g). The precipitate was discarded, and the supernatant was stored at −80
• C for subsequent tests.
Lipoperoxidation.
Oxidative stress was determined by measuring the concentration of aldehydic products using thiobarbituric acid reactive substances (TBARS). The spectrophotometric absorbance of the supernatant at 535 nm was determined [13] , and the values were expressed in nmol/mg protein.
Superoxide Dismutase.
Cytosolic superoxide dismutase (SOD) (EC 1.5.1.1) was assayed at 30
• C according to the method of Misra and Fridovich [14] . The autooxidation rate of epinephrine, which is progressively inhibited by increasing amounts of SOD in the homogenate, was spectrophotometrically monitored at 560 nm and expressed as U/mg/protein.
The amount of enzyme that inhibited 50% of epinephrine autooxidation was defined as 1 U of SOD activity.
3.4.
Catalase. Catalase activity was determined by measuring the decrease in absorption at 240 nm in a reaction medium containing 50 mM phosphate buffer saline (pH 7.2) and 0.3 M hydrogen peroxide [15] . The enzyme activity was spectrophotometrically assayed at 240 nm, and the values were expressed in pmol/mg protein.
Arterial Blood Gas Analysis.
We collected blood from the abdominal aorta to measure the gas exchange of the arterial blood (PaO 2 -partial pressure of arterial oxygen, PaCO 2 -partial pressure of arterial carbon dioxide pressure, and SaO 2 /Hb-oxygen saturation of hemoglobin); laboratory tests were performed at the Hospital de Clinicas de Porto Alegre (HCPA).
Tumor Necrosis Factor Alpha.
The concentration of TNF-α (tumor necrosis factor alpha) in the lung tissue was determined by Western blotting. The electrophoresis protocol was performed according to Laemmli et al. (1970) [16] , and the blotting technique was performed as described by Towbin et al. (1979) [17] . The results were monitored using a constituent protein marker (beta actin, Sigma). The results were quantified using the program 1D LabImage (Loccus Biotechnology) and were expressed in arbitrary units.
Interleukin 1 Beta.
The concentration of IL-1β (interleukin 1 beta) in the lung tissue was determined by immunohistochemical analysis. The recovery of antigen was performed using citrate buffer at 100
• C, and endogenous peroxidase activity was blocked by incubation with absolute methanol containing 3% hydrogen peroxide at room temperature. The slices were sequentially preincubated with 10% rabbit serum at room temperature to block possible undesired reactions of the secondary antibody. The slides were incubated with polyclonal rabbit IL-1β (Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4
• C followed by incubation with the secondary antibody (biotinylated antirabbit IgG, Vector Laboratories, Burlingame, CA, USA) for one hr at room temperature. After sixty minutes at room temperature, the slides were treated with the reagent EnVision and then washed three times with hydrogen peroxide (PBS). Nuclei were counterstained with hematoxylin. The primary antibody was diluted in PBS containing bovine serum albumin as a negative control. The results were evaluated without prior knowledge of the groups using a microscope equipped with a digital camera to capture images using the Image-Plus software (Media Cybernetics, Bethesda, MD, USA).
Statistical Analysis.
The collected data were stored in Excel, and the statistical analyses were performed using the GraphPad InStat program. The results are expressed as the mean ± SD. Data were compared using an analysis of variance (ANOVA), and when the analysis indicated the presence of a significant difference, the means were compared using the Student Newman Keuls test. A significance level of P < 0.05 was used.
Results and Discussion
In our study, we used two different durations of CCl 4 induction. As in other studies by our group, we observed that the CCl 4 -induced animals were cirrhotic from the 10th week of the treatment. Induction with CCl 4 has been used as a model for mimicking liver cirrhosis due to its potent hepatotoxic effect, which causes necrosis and steatosis. Prolonged administration leads to liver fibrosis, cirrhosis, and hepatocellular carcinoma. The CCl 4 acts directly on hepatocytes by means of changes in mitochondrial membrane permeability. This model has been widely used to elucidate the pathogenesis of cirrhosis [18, 19] .
In this study, AST, ALT, and ALP were significantly increased in the cirrhotic groups relative to the CO group (Table 1) . CCl 4 causes liver damage and increases the serum levels of liver transaminases, which are well-known markers of liver injury. The release of large amounts of liver enzymes in the bloodstream is associated with a loss of integrity with consequent tissue apoptosis and the necrosis of hepatocytes. Thus, enzymes are eventually released into the circulation following cellular damage, therefore resulting in higher enzyme levels [19] .
High hepatosomatic and pneumosomatic ratios were observed, and although these changes were not significant, several studies have reported an increase in cirrhotic animals, (Table 1) [20] [21] [22] .
According to assessment of hepatic lipid peroxidation by TBARS, G1 and G2 showed increases of 238% and 262%, respectively, relative to the CO group. In the evaluation (TBARS) of the lung, the G1 group showed an increase of 1423%, and group 2 showed an increase of 6452% with respect to the CO group (Figures 1 and 2) .
The increase in lipid peroxidation products evaluated by TBARS, including MDA and other aldehydes, demonstrates a loss of structure and cell membrane integrity. An increase in TBARS contributes to the deterioration of the liver tissue, as shown in other experimental models of liver injury induced by xenobiotics [11, [23] [24] [25] . Study examining the acute effect of CCl 4 on different systems, including the pulmonary system, demonstrates that the CCl 4 generates highly reactive free radicals by cytochrome P-450 enzymes in pulmonary cells; contributing to the increase in pulmonary oxidative stresses also causes significant reduction glycogen pulmonary lifting of some amino acids, reduced protein levels, after a single intraperitoneal injection of CCl 4 [26] .
The liver SOD examination showed a significant increase in group G2 of 203% relative to the CO group. A 141% higher SOD level was observed in G2 relative to G1. The evaluation of SOD in the lung showed significant differences, with 138% and 144% higher values in G2 relative to CO and G1, respectively (Figures 3 and 4) .
In the evaluation of the CAT enzyme in the liver, we observed 381% and 328% higher values in G2 compared to the CO and G1 groups, respectively. In the lung tissue, the same trend was observed, where G2 was 298% and 386% higher, respectively, compared to CO and G1 groups ( Figures  5 and 6) . One of the final products of lipid peroxidation is malondialdehyde (MDA), which activates the production of collagen, leading to subsequent fibrosis. In our study, we found an increase in TBARS concomitant with an elevation in free radical scavenger enzymes such as SOD and CAT. This resulting fact characterizes the protective role of these enzymes in biological systems for minimizing oxidative stress [11] .
As shown in Table 2 , the PaO 2 values were significantly reduced in G2 when compared to G1 and CO (P < 0.05), although the changes in the SpO 2 and PCO 2 values were not significant.
These changes in the arterial blood gas composition suggest that this model alters gas exchange. Previous studies have reported that chronic liver diseases, especially cirrhosis, may be associated with arterial hypoxemia, which includes Oxidative Medicine and Cellular Longevity a combination of changes in the ventilation-perfusion mismatch and intrapulmonary shunts by vascular dilation [25] . It is also known that liver cirrhosis impairs gas exchange and allows the emergence of intrapulmonary shunting, resulting in hypoxemia and the appearance of symptoms such as fatigue and dyspnea [27] . In addition, patients who have lower PaO 2 levels have oxidative stress levels, which can be observed in our study.
Some of the pathophysiological mechanisms that may explain the observed inefficient pulmonary gas exchange in patients with cirrhosis may occur because patients with cirrhosis have low pulmonary vascular tone characterized by a poor or absent hypoxic response, which results in a marked dilation of the pulmonary vasculature. Thus, this abnormal pulmonary vascular tone independent of airway disease causes changes in the ventilation/perfusion (V/Q), leading to mild to moderate hypoxemia [28] .
The histology of the liver cirrhotic animals showed steatosis, ballooning degeneration, fibrosis, and necrosis; similar characteristics were not observed in animals of group CO (Figure 7) , thereby confirming the liver transaminases results, which were found to be elevated in our model.
The histological examination of the lung tissue ( Figure 8 ) showed a decrease in the lumen of the pulmonary vessels, which suggests that the thickness of the vessel wall became thicker by increasing the intrapulmonary pressure in the vessels.
Previous studies have presented the hypothesis that humoral factors derived from the splanchnic circulation, which would normally be metabolized in the liver, reach the pulmonary circulation due to portosystemic shunts and liver failure. These substances modify the endothelial cell function and promote vasoconstriction, thrombosis, and mitogenic activity in the pulmonary circulation [29, 30] .
The inflammatory process can also be triggered by MDAs active cytokines such as TNF-α, interleukin-8, and interleukin-6 [31] . The analysis of TNF-α in the lung tissue showed an increased expression in G2 compared to CO, as shown in Figure 9 .
Several authors have shown that stellate cells are related to hepatic fibrosis and act on the fibrogenic cytokine by transforming growth factor beta (TGF-β), TNF-α, the platelet-derived growth factor (PDGF), and other factors. These cells differentiate into myofibroblasts and fibroblasts, activating the synthesis of the elements of the matrix (e.g., collagen, elastin, proteoglycans, and proteins of incorporation) [32] . TNF-α is a proinflammatory cytokine that participates in the immune response and mechanisms of tumors. TNF-α is involved in all stages of liver damage and also directly induces the apoptosis of hepatocytes and participates in the activation of stellate cells, contributing to the development of hepatic fibrosis [33, 34] .
In addition to the contribution of TNF-α in liver fibrosis, experimental and clinical studies have reported that changes in IL-1, IL-8, and TNF-α levels due to lung injury and apoptosis by macrophages play an important role in the development of lung fibrosis [35, 36] . We also found increased expression of IL-1β in our cirrhotic groups, as shown in Figure 10 .
It is known that IL-1β plays a role in pulmonary fibrosis. The mechanism of IL-1β binding to fibrosis in certain diseases is uncertain but involves TGF-β/smad3-dependent stimulation. In our study group, G2 differed from the other group, suggesting that one of the factors responsible for fibrosis was presented in this group [37] .
The involvement of free radicals and the action of inflammatory cytokines was involved in the response of 
